Abstract This article reviews evidence in support of the hypothesis that impaired activation of the extracellular signal-regulated kinases (ERK1/2) contributes to the disruptions in neurodevelopment associated with zinc deficiency. These kinases are implicated in major events of brain development, including proliferation of progenitor cells, neuronal migration, differentiation, and apoptotic cell death. In humans, mutations in ERK1/2 genes have been associated with neuro-cardio-facial-cutaneous syndromes. ERK1/2 deficits in mice have revealed impaired neurogenesis, altered cellularity, and behavioral abnormalities. Zinc is an important modulator of ERK1/2 signaling. Conditions of both zinc deficiency and excess affect ERK1/ 2 phosphorylation in fetal and adult brains. Hypophosphorylation of ERK1/2, associated with decreased zinc availability in cell cultures, is accompanied by decreased proliferation and an arrest of the cell cycle at the G0/G1 phase. Zinc and ERK1/2 have both been shown to modulate neural progenitor cell proliferation and cell death in the brain. Furthermore, behavioral deficits resulting from developmental zinc deficiency are similar to those observed in mice with decreased ERK1/2 signaling. For example, impaired performance on behavioral tests of learning and memory; such as the Morris water maze, fear conditioning, and the radial arm maze; has been reported in both animals exposed to developmental zinc deficiency and transgenic mice with decreased ERK signaling. Future study should clarify the mechanisms through which a dysregulation of ERK1/2 may contribute to altered brain development associated with dietary zinc deficiency and with conditions that limit zinc availability.
Introduction
Decreased zinc availability during gestation can have major deleterious effects on brain development. Several factors that are not yet fully understood can contribute to the teratogenicity of developmental severe zinc deficiency and to the potential deleterious effects of marginal zinc availability during gestation. Among them, oxidative stress, imbalance of growth factors, impaired cell proliferation, and deregulated apoptotic cell death, could be involved (Uriu-Adams and Keen 2010). In fetal rat brain, extracellular signal-regulated kinase (ERK1/2) activation is markedly affected as a consequence of marginal dietary zinc deficiency. This review will discuss the relevance of both zinc and ERK1/2 for normal brain development, the role of zinc in the modulation of ERK1/2 in the brain, the putative role of ERK1/2 in zinc toxicity, and the potential involvement of ERK1/2 deficits in the altered brain development associated with zinc deficiency.
Zinc deficiency is also associated with altered behavioral patterns in experimental animals and in humans. Although the deleterious effects of zinc deficiency on behavior and cognition are accepted and reported to occur in human populations, there is limited knowledge on the mechanisms underlying those effects (Black 2003) . This review will also discuss the adverse effects of zinc deficiency on behavior and the similarities found with those observed in ERK1/2 deficits. Finally, the role of zinc and ERK1/2 in the development and treatment of depression will be used as an example that highlights the relevance of this field to mental health.
Zinc and Brain Development
A significant risk of marginal zinc nutrition during pregnancy and early development has been shown to occur not only in the developing world, but worldwide (Briefel et al. 2000) . Severe zinc deficiency can be deleterious for the conceptus, but also marginal dietary zinc levels during gestation can lead to major changes in signaling cascades that are central to brain development (Aimo et al. 2010b ). Besides a low dietary zinc intake or poor food zinc availability (Briefel et al. 2000; Walsh et al. 1994 ), other conditions during pregnancy, including diabetes, maternal infections, chemotherapy, stress, and toxin exposure (e.g., arsenic, ethanol, or herbicides) can reduce fetal zinc availability (Coyle et al. 2009; Taubeneck et al. 1995; Taubeneck et al. 1994) . In several of these conditions either brain teratogenicity or altered behavior has been reported in the offspring.
Zinc deficiency has a major adverse impact on prenatal and early postnatal development (reviewed in Uriu-Adams and Keen 2010). Seminal work from Hurley and Swenerton demonstrated for the first time that gestational severe zinc deficiency causes structural malformations in mammals (1966) . In humans, pregnancy complications occur in a genetic disorder called acrodermatitis enteropathica, characterized by a defect in the zinc transporter Zip4 that causes decreased zinc absorption (Brenton et al. 1981) . While Zip4 knockout mice die in utero, heterozygous embryos present malformations of the brain; and postnatally, the brain, heart, and skeleton (Dufner-Beattie et al. 2003) . A deficit of Zip4 is associated with embryonic exencephalia, hydrocephalus, anophthalmia, and anopia (Dufner-Beattie et al. 2003) . Similar teratogenicity is observed as a consequence of severe dietary zinc deficiency during gestation (Hurley and Swenerton 1966) . Brain teratogenicity in Zip4 knockout mouse embryos was proposed to result from impaired neurogenesis (DufnerBeattie et al. 2003) . While gestational zinc supplementation increases neural progenitor proliferation in mice (Azman et al. 2009 ), zinc deficiency has also been shown to affect neurogenesis in the adult brain. Severe zinc deficiency imposed to adult rats or mice decreases neural progenitor cell proliferation in the dentate gyrus of the hippocampus Suh et al. 2009 ). Severe zinc deficiency both during lactation and during adulthood has been shown to increase hippocampal apoptosis (Gao et al. 2009; Xu et al. 2011) . Culture in zinc deficient media decreases the proliferation of IMR-32 neuroblastoma cells, causing an arrest of the cell cycle at the G0/G1 phase and the induction of apoptosis (Adamo et al. 2010) . Although other mechanisms may also contribute to the teratogenicity of zinc deficiency, it is now clear that zinc availability can affect the balance of neurogenesis and apoptosis.
While zinc deficiency imposed late in development does not cause obvious malformations, postnatal zinc deficiency can affect brain development. Seminal work from Dvergsten et al. (1983) demonstrated the adverse impact of zinc deficiency on cerebellum development. They showed that severe zinc deficiency imposed during a critical period of rat cerebellum development (first postnatal 3 weeks) causes the persistence of the external granule cell layer, a thinner molecular layer and a decreased internal granule cell layer (Dvergsten et al. 1983) . Suggesting an impaired neurogenesis, a lower number of cerebellum granule cells are observed in zinc deficient rats (Dvergsten et al. 1983) . Zinc deficiency also affects the differentiation of basket, stellate (Dvergsten et al. 1984b) , and Purkinje (Dvergsten et al. 1984a) neurons, which present a significantly impaired dendritic arborization. Thus, zinc deficiency during critical periods can have adverse impacts on brain development even when gross malformations are not detected.
Marginal zinc availability during early development does not cause overt signs of impaired brain development but may have subtle effects with significant consequences for brain function. In rats that were fed a marginal zinc diet during gestation, no obvious alterations in maternal and fetal outcome were observed (Aimo et al. 2010b ).
However, altered protein thiol homeostasis, tubulin oxidation, and impaired tubulin polymerization were observed in brains from marginally zinc deficient fetuses at embryonic day (E) 19 (Mackenzie et al. 2011) . Furthermore, several signaling cascades, including ERK1/2, are affected by marginal zinc deficiency at E19 (Aimo et al. 2010b) . Marginal zinc nutrition during gestation also affects the expression of Zn transporters, N-methyl-D-aspartate sensitive glutamate receptor (NMDAR) subunits (Chowanadisai et al. 2005) , and myelin protein profiles in the postnatal rat brain (Liu et al. 1992) . In mice, marginal zinc deficiency during gestation decreased the expression of nestin, a neurofilament often used as a marker for neural/glial progenitors . Although zinc may directly effect nestin transcription or translation, it is likely that these results reflect impaired proliferation, differentiation, or survival of progenitor cells. Alterations in hippocampal morphology (fewer cells and increased density) accompanied by impaired performance on a learning and memory test was observed in adult rats exposed to marginal zinc deficiency during gestation and lactation (Halas et al. 1986; Kawamoto and Halas 1984) . These experiments demonstrate that decreased zinc availability, even mild or only at select windows of time during brain development, can have deleterious effects on brain physiology that persist into adulthood. Although marginal zinc availability during gestation does not cause major structural abnormalities, alterations in key signaling cascades could irreversibly affect brain cellularity and connectivity.
The Role of ERK1/2 in Neurodevelopment
The ERK1/2 kinases are members of the mitogen activated protein kinase (MAPK) family that is highly conserved among eukaryotes. ERK1 and ERK2 have greater than 95% amino acid identity among humans, mice, and rats (Charest et al. 1993) . The amino acid sequences of the 44 kDa MAPK ERK1 (also known as MAPK3 and p44 MAPK) and of the 42 kDa MAPK ERK2 (also known as MAPK1 and p42 MAPK) are 84% identical (Boulton et al. 1991) . ERK1 and ERK2 are activated by the same kinases, MEK (mitogen activated ERK kinase) 1 and 2, and appear to have highly overlapping substrate specificity (Gonzalez et al. 1991; Zheng and Guan 1993) . A wide variety of extracellular stimuli are capable of activating the ERK1/2 cascade. Brain derived neurotrophic factor (BDNF) provides an example relevant to neural development (Fig. 1) . BDNF binds to the extracellular domain of tropomyosinreceptor-kinase B (TrkB) leading to its activation, and autophosphorylation. The adaptor protein Shc binds to phosphotyrosine residues in the cytosolic domain of TrkB. Grb2 binds to Shc and recruits the guanine nucleotide exchange factor Son of Sevenless (Sos) to release GDP from the small GTPase Ras. Then, Ras binds GTP and activates Raf to phosphorylate MEK1/2 which subsequently phosphorylates ERK1/2. Once activated, ERK1/2 phosphorylates target proteins in the cytosol or nucleus to regulate important cellular functions such as proliferation, differentiation, apoptosis, and synaptic plasticity (reviewed in Minichiello 2009 (Kumar et al. 2008; Weiss et al. 2008) . These autistic individuals also exhibit facial and cardiac defects typical of NCFCs. Samuels et al. analyzed lymphoblast ERK2 levels from two NCFC patients with microcephaly and cognitive deficits associated with deletions encompassing the ERK2 gene (2008) . These patients had approximately 61% of the ERK2 concentration found in normal individuals, suggesting that mutations in one of the four alleles for ERK1/2 may be sufficient to produce severe structural and behavioral abnormalities. In general, mutations that increase ERK1/2 activity can result in macrocephaly, while mutations that decrease ERK1/2 activity can result in microcephaly ) suggesting that ERK1/2 activity can control the expansion of human neural progenitor cells. The recent use of transgenic mice has enabled significant advancements in understanding the role of ERK1/2 in brain development and function. While ERK1 knockout mice have no gross morphological abnormalities and only a subtle behavioral phenotype (Mazzucchelli et al. 2002) , ERK2 knockout mice die in utero (Satoh et al. 2007 ). The role of ERK2 in neural development was studied by conditional deletion of ERK2 in neural precursor cells using the nestin promoter to drive Cre recombinase expression. Surprisingly, these mice developed grossly normal brain structures, and no behavioral abnormalities were initially detected (Heffron et al. 2009 ). However, more detailed analysis revealed a decreased proliferation of neural progenitor cells at E15.5 and E17.5 resulting in a reduced number of astroglial cells, and thinning of cortical layers II/ III. These results suggest a defect in late born cortical neurons and glia. At postnatal days (P) 35-40 these mice develop astrogliosis, collagen deposition, and increased microvasculature of the frontal cortex (Imamura et al. 2008; Imamura et al. 2010) . A recent report also showed these animals have impaired social behavior and long term memory (Satoh et al. 2011 ). Another mouse model was developed to delete ERK2 in radial glia, using the glial fibrillary acidic protein (GFAP) promoter to drive Cre recombinase expression. These mice present decreased proliferation of intermediate progenitor cells, reduced cortical thickness, decreased number of neurons, increased number of astrocytes, and delayed oligodendrocyte differentiation, with no change in oligodendrocyte progenitor survival or proliferation (Fyffe-Maricich et al. 2011; Samuels et al. 2008 ). This structural phenotype was accompanied by impaired long-term memory.
ERK1 knockout mice have recently been used in combination with conditional deletion of ERK2 in neural progenitor cells expressing Cre recombinase under the nestin promoter (Imamura et al. 2010) . These mice present decreased proliferation of progenitors in the ganglionic eminence and disruption of their tangential migration resulting in a reduced number of cortical oligodendrocytes and inhibitory interneurons (Imamura et al. 2010) . At birth, ERK1/2 double knockout mice have increased numbers of apoptotic cells and abnormal neurons with a stem cell-like cytology. A further decreased neural progenitor cell proliferation was found in the ERK1/2 double knockout compared to the ERK2 conditional knockout mice. These findings suggest that total ERK1/2 activity controls the proliferation of certain late born progenitor cells and the differentiation of subpopulations of neurons and glia during fetal brain development (Fyffe-Maricich et al. 2011; Imamura et al. 2010) .
In summary, mice with ERK1 and ERK2 deficits have provided strong evidence on the critical role of these kinases for brain development. In models of ERK2 deficiency an increased ERK1 phosphorylation occurs, while ERK1 knockout mice present increased ERK2 phosphorylation (Mazzucchelli et al. 2002) . Because these kinases are activated by the same kinases and have overlapping substrate specificity; the fact that ERK1 deficits exacerbate the defects of conditional ERK2 knockout mice suggests that both kinases might compensate for each other during brain development having, at least in part, overlapping functions.
ERK Modulation by Zinc
In the central nervous system endogenous zinc released from synaptic vesicles stimulates ERK1/2 activity. In neurons zinc is not only a structural/functional component of proteins, membranes, and chromatin; but is also sequestered in synaptic vesicles of a subset of neurons by the zinc transporter ZnT3 (Cole et al. 1999) . The most thoroughly investigated example of vesicular zinc function is at the terminals of mossy fibers projecting from the dentate gyrus to CA3 in the hippocampus where zinc is released from glutamatergic vesicles in response to depolarization-induced calcium influx (Ketterman and Li 2008) . In the synapse, zinc may affect neurotransmission directly by inhibiting receptors such as the NMDAR (Molnar and Nadler 2001) or indirectly by modulating cell signals such as ERK1/2. Several methods have implicated synaptic zinc in the activation of ERK1/2 signaling. As discussed below, Neurotox Res (2012) 21:128-141 131 ERK phosphorylation increases with zinc supplementation and decreases when synaptic zinc is eliminated (Besser et al. 2009; Sindreu et al. 2011 ). Regulation of ERK1/2 by zinc may be involved in mechanisms of synaptic plasticity contributing to learning and memory. It was initially reported that a genetic deficit of ZnT3 did not affect behavior in mice (Cole et al. 2001) . However, an impairment of hippocampus-dependent spatial memory and contextual discrimination accompanied by decreased hippocampal ERK1/2 phosphorylation was recently observed in these mice (Adlard et al. 2010; Sindreu et al. 2011) . Transfection of the dentate gyrus with a dominant negative form of MEK1 resulted in memory impairments similar to those observed in ZnT3 knockout mice (Sindreu et al. 2011) . These findings support previous observations that zinc and ERK1/2 are involved in mechanisms of synaptic plasticity such as long-term potentiation in the hippocampus Kanterewicz et al. 2000) . However, the literature is inconsistent with regard to the role of zinc in potentiation of the mossy fiber-CA3 synapse (Reviewed in Nakashima and Dyck 2009). In addition, pharmacological inhihitors of ERK1/2 signaling disrupt long-term potentiation at CA1 but not CA3 (Kanterewicz et al. 2000) . Although zinc may stimulate ERK1/2 to modulate synaptic plasticity in the hippocampus, the mechanistic details remain obscure.
In the hippocampus endogenous zinc can modulate cell proliferation by regulating ERK1/2 signaling. The subgranular zone of the dentate gyrus is one of the few sites where neurogenesis occurs in the adult brain. In this area, markers of neurogenesis (Ki67 and doublecortin) are decreased in ZnT3 knockout mice and in rats exposed to dietary zinc deficiency or injected intraperitoneally with the zinc chelator clioquinol (Suh et al. 2009 ). Zinc released from mossy fibers has been proposed to activate ERK1/2 in postsynaptic CA3 neurons as well as presynaptic mossy fibers (Besser et al. 2009; Sindreu et al. 2011) . Induction of status epilepticus in mice by intraparitoneal injection of the muscarinic acetylcholine receptor agonist pilocarpine stimulates neurogenesis while injection of U0126 (a MEK1/2 inhibitor) into the dentate gyrus attenuates this effect (Choi et al. 2008) . Interestingly, this pilocarpine-induced model of status epilepticus stimulates the release of zinc from mossy fiber terminals (Suh et al. 2001) . Along with the findings from zinc deficiency and depression discussed below, the above findings support a significant role for zinc in the activation of the ERK1/2 pathway leading to cell proliferation.
While it is well established that zinc can stimulate ERK1/2 signaling in a wide range of cell types, various mechanisms can underlie this effect including: (i) the capacity of zinc to modulate select protein phosphatases and kinases, (ii) the direct binding of zinc to cell surface receptors, and (iii) the activation of matrix metalloproteinases (MMPs) by zinc (Fig. 2) .
Indirect evidence suggests that zinc can affect ERK1/2 activation through the modulation of select phosphatases. Decreased ERK1/2 phosphorylation was observed in mossy fibers of Znt3 knockout mice (Sindreu et al. 2011) . While there were no differences in MEK1/2 phosphorylation, ERK1/2-directed tyrosine phosphatase activity was increased in hippocampal lysates from Znt3 knockout mice. Furthermore, addition of zinc to these lysates reduced ERK1/2-directed tyrosine phosphatase activity. This suggests that zinc released from mossy fibers enters presynaptic axons and stimulates ERK1/2 signaling by directly inhibiting tyrosine phosphatase activity (Sindreu et al. 2011) .
Zinc could indirectly activate cell surface receptors by inhibiting the activity of specific kinases. Zinc has been proposed to inhibit C-terminal Src kinase (Csk) leading to the activation of TrkB and the downstream ERK1/2 cascade at the mossy fiber-CA3 synapse in the absence of neurotrophic factors (Huang et al. 2008 Fig. 2 Regulation by zinc of the ERK1/2 signaling cascade. Zinc could activate the ERK1/2 signaling pathway at various levels: 1 zinc inhibits phosphatases that are involved in ERK1/2 dephosphorylation, and zinc inhibits kinases that indirectly regulate the phosphorylation levels of receptors that subsequently activate the ERK cascade; 2 zinc can directly bind to and activate receptors (e.g., GPR39) which have ERK1/2 as a downstream signaling cascade; and 3 zinc can activate MMPs, which subsequently cleave and activate substrates (e.g., pro-BDNF) releasing ligands (e.g. BDNF) that activate receptors upstream from the ERK1/2 cascade tyrosine 530. Treatment of BDNF-deficient neurons with zinc decreases SFK phosphorylation at tyrosine 530 which increases its activity to phosphorylate TrkB (Zambuzzi et al. 2008) . Once activated TrkB can stimulate the ERK1/2 cascade as described above. Accordingly, in neuronal cultures from BDNF null mice, zinc supplementation increases the levels of TrkB and ERK1/2 phosphorylation (Huang et al. 2008) .
Direct activation of cell surface receptors by zinc can also stimulate the ERK1/2 cascade. Zinc can bind to the recently identified zinc receptor, also known by the systematic name G-protein coupled receptor 39 (GPR39). GPR39 is a member of the ghrellin receptor family initially proposed to be the receptor for obestatin, a peptide derived from proghrellin. However, cells expressing GPR39 respond to zinc but not to obestatin (Holst et al. 2007 ). CA3 neurons in the mouse hippocampus express a GPR39 receptor that is responsive to zinc. Recent evidence shows that zinc binds to GPR39 and activates Ga q to stimulate phospholipase C leading to calcium influx and activation of the ERK1/2 cascade (Besser et al. 2009 ). However, further experiments using GPR39 knockout mice or RNA interference approaches are needed to definitively demonstrate that zinc can act through GPR39 to induce ERK1/2 phosphorylation.
With regard to MMPs, in rat cortical neurons (RCN) zinc causes the activation of extracellular MMP-2 and MMP-9. Activated MMPs stimulate the cleavage of pro-BDNF to the active form (Hwang et al. 2005) . Zinc supplementation increases the activity of MMP-2 and MMP-9 in the brains of triple transgenic mice that model Alzheimer's disease (Corona et al. 2010) . Accordingly, the BDNF concentration is increased in the brains of zinc supplemented mice and rats (Corona et al. 2010; Cieslik et al. 2011) . By increasing MMP activity zinc can increase the concentration of active BDNF leading to increased phosphorylation of ERK1/2.
Zinc can also stimulate transcription of the BDNF gene. Zinc supplementation leads to increased BDNF mRNA expression in the adult rat brain (Cieslik et al. 2011 ). The zinc finger transcription factor cyclic-AMP responsive element binding protein (CREB) can stimulate transcription of BDNF (reviewed in Minichiello, 2009) . Although the mechanism of zinc induced BDNF expression has not been elucidated, zinc deficiency decreased CREB phosphorylation in mice suggesting that zinc could modulate CREB activity. ERK1/2 phosphorylates the kinases RSK and MSK which can directly phosphorylate CREB (Impey et al. 1998) . By activating ERK1/2, zinc might stimulate CREB to increase the expression of BDNF which; after translation, secretion, and cleavage; could function as an autocrine or paracrine factor to further activate local ERK1/2 signaling.
The above evidence (summarized in Fig. 2) indicates that zinc can have a major role in ERK1/2 activation, exerting modulatory actions at various levels. However, further study is needed to demonstrate which mechanisms are responsible for the decreased ERK1/2 phosphorylation resulting from dietary zinc deficiency.
The Role of ERK1/2 in the Neurotoxicity of Zinc
At toxic levels zinc may stimulate ERK1/2 dependent cell death. In the brain, toxic levels of zinc can occur in certain pathological conditions such as epileptic seizures and transient ischemia. During transient ischemia zinc accumulates in affected neurons before cell death. Supporting toxicity, injection with a zinc chelator decreased cell death in a rat model of transient ischemia (Koh et al. 1996) . While toxic levels of zinc cause oxidative stress by inhibiting the electron transport chain in mitochondria (Ye et al. 2001) , the toxicity of zinc in the brain may also require ERK1/2. In fact, the MEK inhibitor U0126 prevented mitochondrial dysfunction and cell death in neuronal-glial cell cultures exposed to 100 lM zinc (He and Aizenman 2010) . Furthermore, injection of MEK inhibitors PD98059 or U0126 before cerebral ischemia results in a decreased infarct size (Alessandrini et al. 1999 ); (Namura et al. 2001 ). However, interpretation of these results depends upon the specificity of these compounds, and U0126 can inhibit other kinases, such as p38 and Akt (Davies et al. 2000) . These inhibitors have also been used to support a neuroprotective role for ERK1/2 signaling during transient ischemia. For example, treatment with leptin before transient ischemia reduced cell death, but PD98059 abrogated this effect (Zhang et al. 2007) . Although signaling through the ERK1/2 cascade may be necessary for both toxic and protective mechanisms during transient ischemia, further research using specific techniques for gain and loss of function experiments is required to elucidate whether or not the ERK1/2 cascade is necessary and sufficient to cause cell death when zinc accumulates at toxic levels in the brain.
Zinc Deficiency, ERK1/2, and Brain Development
Zinc deficiency differentially affects the MAPKs both in cell cultures and E19 rat brain. Incubation of IMR-32 human neuroblastoma cells in zinc deficient media for 24 h caused a lower phosphorylation of ERK1/2, and a higher phosphorylation (45 and 90%, respectively) of p38 and JNK1/2, compared to controls (Fig. 3a-c) . Although activated by multiple stimuli, p38 and JNK are particularly sensitive to oxidative stress, a condition frequently associated with zinc deficiency (Mackenzie et al. 2006) . In fact, incubation of IMR-32 cells in zinc deficient media causes an increase in cellular oxidants that can be prevented by simultaneous treatment with the H 2 O 2 -metabolizing enzyme catalase, and with substances (a-lipoic acid and N-acetyl cysteine) that exert antioxidant effects through various mechanisms of action (Mackenzie et al. 2006 ). An increase in cellular oxidants occurs, at least partially, as a consequence of zinc deficiency-induced activation of the NMDAR, calcium influx, and associated activation of NADPH oxidase, an enzyme that generates superoxide anion (Aimo et al. 2010a). As expected, catalase, a-lipoic acid, and N-acetyl cysteine prevent zinc deficiency-induced phosphorylation of p38 and JNK (Fig. 3c) , which indicates an oxidant-triggered activation of these MAPK by zinc deficiency in neuronal cells (Mackenzie et al. 2006 ). However, antioxidants do not prevent zinc deficiencyassociated apoptotic cell death (Adamo et al. 2010 ). This suggests that JNK, p38, and downstream transcription factor AP-1 do not play a major role in zinc deficiency-induced altered neuronal survival. On the other hand, the 40% decreased phosphorylation of ERK1/2 was not prevented by catalase (Fig. 3b) suggesting a lack of association between zinc deficiency-induced oxidative stress and ERK1/2 hypophosphorylation. Nevertheless, oxidative stress may affect other aspects of ERK1/2 modulation. In zinc deficient cells, tubulin oxidation and impaired polymerization affect the microtubule-dependent nuclear transport of transcription factor NF-jB (Mackenzie et al. 2011) . Given that ERK1/2 bind to microtubules (Reszka et al. 1995) , zinc deficiencyinduced alterations of the cytoskeleton could affect ERK1/2 activity and nuclear transport. A similar pattern of low ERK1/2 phosphorylation and high p38 and JNK phosphorylation was recently observed in E19 fetal brains when dams were fed a marginal zinc diet throughout gestation (Aimo et al. 2010b) (Fig. 3d) . Thus, even under marginal dietary zinc levels, low levels of ERK1/2 phosphorylation are present in fetal brain. Given that a marginal zinc nutrition/availability can occur in human populations, the above findings stress the need to understand the relevance of this cascade in zinc deficiency-induced altered brain development.
A deficit in ERK1/2 could underlie the impaired cell proliferation during zinc deficiency. ERK1/2 plays a major role in the regulation of cell proliferation, and mutations in members of the Ras/Raf/MEK/ERK1/2 pathway are frequently found in neoplasia (McCubrey et al. 2008; Steelman et al. 2004) . Several proteins involved in the regulation of cell proliferation are targets of ERK1/2 kinase activity, including RSK, c-Myc, Foxo3a, and ELK. Continuous ERK1/2 activation and translocation into the nucleus during the G1 phase, which downregulates antiproliferative genes, are required for the progression of the cell cycle from G1 into S phase (Brunet et al. 1999; Yamamoto et al. 2006) . Supporting a role for ERK1/2 in zinc deficiency-induced decreased cell proliferation, a decreased phosphorylation of ERK1/2 and cell cycle arrest at the G0/G1 phase were observed in zinc deficient IMR-32 cells induced to proliferate by serum starvation and repletion (Adamo et al. 2010) . Growth factors promote a biphasic activation of ERK1/2, a first burst occurring within minutes, and a later activation sustained for hours (reviewed in Mebratu and Tesfaigzi 2009). Although not tested at early time points, we observed that ERK1/2 phosphorylation in zinc deficient cells remains low within 6-24 h after growth factor stimulation (Adamo et al. 2010) . Accordingly and as previously discussed, in the nervous system ERK1/2 promotes neurogenesis (Miller and Gauthier, 2007) , and genetic ERK1/2 deficits are associated with impaired neurogenesis (Samuels et al. 2008) .
Dysregulation of ERK1/2 might contribute to increased apoptosis during zinc deficiency. In cell cultures, zinc deficiency-induced ERK hypophosphorylation is associated with cell cycle arrest and apoptotic cell death (Adamo et al. 2010) . In this regard, incubation of IMR-32 cells in zinc deficient media (0.5 and 5 lM zinc) is associated with a decrease in cellular labile zinc levels, ERK1/2 phosphorylation, and cell viability (Fig. 3a) . While ERK1/2 is inhibited, the pro-survival signal Akt is activated by decreased zinc availability (Adamo et al. 2010 ). Akt and ERK1/2 can prevent apoptosis in part by phosphorylating the pro-apoptotic protein Bad, which prevents its translocation from the cytosol to the mitochondria. At the mitochondria Bad initiates a series of events that lead to mitochondrial cytochrome c release into the cytosol, caspase activation, and subsequently apoptosis. The permanence of Bad at the cytosol requires phosphorylation at three different serine residues (Zha et al. 1996) . Zinc deficiency leads to decreased Bad phosphorylation at serine 75 (Adamo et al. 2010) , which is catalyzed by protein kinase A (Yang et al. 2005 ) and the ERK1/2 target RSK (She et al. 2002; Zhu et al. 2002) . Thus, a dysregulation of Bad phosphorylation due to impaired ERK1/2 activation may explain mitochondrial translocation of Bad, cytochrome c release, caspase 3 activation, and DNA fragmentation in zinc deficient human IMR-32 cells and RCN (Adamo et al. 2010) .
ERK-mediated alterations in cell proliferation/apoptosis/differentiation patterns could underlie the nervous system, cardiac and craniofacials abnormalities, and cognitive alterations associated with genetic deficits of ERK1/2 in mice and humans ), and in developmental zinc deficiency (Hurley and Swenerton 1966) . Furthermore, the craniofacial abnormalities found in Zip4 heterozygous embryos are similar to those found in dietary zinc deficiency (Hurley and Swenerton 1966) and in genetic ERK deficits ). In fact, both conditions affect a subset of progenitor cells, neural crest cells, that contributes to the formation of those tissues/ structures (Lopez et al. 2008; Samuels et al. 2009 ).
Zinc Deficiency, ERK1/2, and Behavior
Zinc deficiency affects cognitive function and behavior in humans. Low plasma zinc levels are associated with altered cognition and emotional functioning in 3-5 year old children from low income families (Hubbs-Tait et al. 2007 ). Developmental zinc deficiency is associated with altered emotional behavior, food motivation Golub et al. 2000) , cognitive performance, and psychomotor development (Bentley et al. 1997; Gardner et al. 2005; Kirksey et al. 1994; Penland et al. 1997) . Intervention trials have shown that zinc supplementation can improve neurological and psychological development in undernourished children (Bentley et al. 1997; Bhutta et al. 1999; Brown et al. 2002; Gardner et al. 2005; Penland et al. 1997; Sazawal et al. 2001) . However, some studies have also reported null (DiGirolamo et al. 2010 ), or even negative effects of zinc supplementation on children's cognitive development (Hamadani et al. 2001; Hamadani et al. 2002) . Some children may benefit from supplementation more than others making it difficult for these trials to reach statistical significance. Also, it is important to consider nutrientnutrient interactions when interpreting intervention trials. For example, zinc supplementation could result in copper deficiency (Rowin and Lewis 2005) . Future, interventions should try to carefully monitor the status of zinc and nutrients that may interact with zinc such as copper, iron, and vitamin A (Sandstrom 2001) .
Zinc deficiency may contribute to the pathophysiology of attention deficit-hyperactivity disorder (ADHD). Patients with ADHD have lower serum zinc concentrations than age-matched controls, and serum zinc concentration correlates with parent and teacher scores of inattentiveness Toren et al. 1996) . While this correlation does not provide evidence for a causal connection, zinc restriction in animal models can cause attention et al. 2010b; Mackenzie et al. 2006; Mackenzie et al. 2002) deficits. Rhesus macaques fed moderate zinc deficient diet displayed impairments on a continuous performance task designed to evaluate vigilance of attention (Golub et al. 1996) . Zinc supplementation has shown promise in some clinical trials, but results have been inconsistent. Two randomized double blind placebo controlled trials among school aged children in Turkey showed significant therapeutic effects of zinc supplementation on measures of ADHD (Bilici et al. 2004; Uckardes et al. 2009) . A trial conducted in Iran found significant improvement when zinc supplementation was given with the psychostimulant methylphenidate (Akhondzadeh et al. 2004 ). However, a trial conducted with children in the United States was negative, except for decreasing the optimal dose of amphetamine (Arnold et al. 2011) . Given that zinc deficiency is more prevalent in Turkey and Iran than in the Unites States, this discrepancy may reflect differences between the populations. Indeed, zinc supplementation increased serum zinc levels in the Turkish studies but not in the American trial (Arnold et al. 2011 ). Thus, further study is needed to understand the relationship between zinc status and ADHD. Zinc deficiency during development can have behavioral consequences, such as impairments of learning and memory, which persist into adulthood. Zinc deficient animals display anorexia, impaired social behavior, increased aggression, anxiety, decreased activity, impaired learning, and memory deficits (Golub et al. 1995) . To discriminate between the effects of protein/energy malnutrition and zinc deficiency it is often necessary to use pair-fed controls that consume the same amount of food as the zinc deficient animals (Golub et al. 1995; Halas et al. 1986b; Halas and Sandstead 1975; Keller et al. 2001 ). Compared to pair fed controls, severely zinc deficient dams fail to build a nest, or consume the afterbirth, suggesting an impairment of maternal behavior resulting specifically from zinc deficiency (Apgar 1968) . In young mice 2 weeks of severe zinc deficiency increased aggression on the resident intruder test (Takeda et al. 2008 ). Compared to pair-fed animals, young rats fed zinc deficient diets display increased latency on the Morris water maze indicative of spatial memory impairment (Keller et al. 2001) . While severe zinc deficiency during the last third of gestation also caused lasting memory impairments (active avoidance fear conditioning test and Morris water maze), gestational zinc supplementation improved performance on the Morris water maze (Halas and Sandstead 1975; Tahmasebi Boroujeni et al. 2009 ). Perhaps the most striking findings are the persistence of memory deficits resulting from transient or mild zinc deficiencies. Even a marginal zinc deficiency during development can cause learning and memory impairments in rats that persist into adulthood. Marginal zinc deficiency during gestation and lactation resulted in impairments of working memory (increased rate of errors on the seventeen-arm radial maze) later in life which correlated with alterations in hippocampal morphology (Halas et al. 1986; Hunt et al. 1984) .
Similarities between mice with genetic ERK1/2 deficits and animals exposed to developmental zinc deficiency suggests that hypophosphorylation of ERK1/2 may contribute to the effects of developmental zinc deficiency on behavior. Satoh et al. recently demonstrated impaired social behaviors in mice with conditional deletion of ERK2 in neural progenitor cells (2011). Similar to zinc deficient animals, nest building behavior was impaired and aggression (measured with the resident intruder test) increased. Impairments of long term memory performance on the fear conditioning tests have been observed in mice that express a dominant negative MEK1 or have conditional deletions of ERK2 in neural progenitor cells (Satoh et al. 2011; Shalin et al. 2004) . Even a partial decrease in ERK2 expression (20-40%) in mice impairs learning and memory performance on the Morris water maze, eight-arm radial maze, and contextual/cued fear conditioning tests (Satoh et al. 2007 ). While ERK2 deficiencies disrupt social behavior, learning, and memory, ERK1 knockout mice present a subtle phenotype characterized by hyperactivity, and sensitivity to amphetamine-and cocaine-induced hyperlocomotion Engel et al. 2009; Ferguson et al. 2006 ) that can be attenuated by antipsychotic agents such as lithium, valproate, and olanzapine ). ERK1 knockout mice also have enhanced reward seeking behavior mediated by long termpotentiation at the nucleus accumbens, a target of striatal dopaminergic projections implicated in addiction. Suggesting that increased ERK2 signaling is responsible for reward seeking behavior of ERK1 knockout mice, injection of the MEK inhibitor U0126 attenuated ERK2 phosphorylation and restored long term potentiation at the nucleus accumbens (Mazzucchelli et al. 2002) . Differences in the phenotypes of ERK1 and ERK2 are not well understood. However, in the brain ERK2 is more abundant than ERK1 and the severity of knockout phenotypes may reflect this difference. Further study is needed to understand the mechanisms responsible for these behavioral phenotypes, but it is clear that a disruption of ERK1/2 signaling can have adverse effects on behavior similar to those observed in developmental zinc deficiency.
Many drugs used to treat psychological disorders including schizophrenia (e.g., haloperidol) (Kim et al. 2008) , bipolar disorder (e.g., lithium, valproate) Hao et al. 2004) , ADHD (e.g., amphetamine) (Pascoli et al. 2005) , depression and anxiety (e.g., fluoxetine, imipramine, Hypericum perforatum) (Kim et al. 2011; Neary et al. 2001; Qi et al. 2008 ) activate the ERK1/2 pathway. Roles for zinc in the pathophysiology of schizophrenia (Andrews 1992) , ADHD (Bilici et al. 2004 ), depression (Maes et al. 1997) , and anxiety (Takeda et al. 2007) , have all been hypothesized. Detailed analysis of these hypotheses is beyond the scope of this review, but the potential role of zinc and ERK1/2 in the pathophysiology and treatment of depression will be discussed to explore the potential therapeutic benefits of zinc supplementation.
The Role of Zinc and ERK1/2 in Depression
Zinc deficiency may contribute to the development of depression. Several investigators have reported low zinc status among patients with depression, and some have found a correlation between serum zinc concentrations and the severity of depression (Amani et al. 2010; Maes et al. 1994; McLoughlin and Hodge 1990) . Furthermore, serum zinc status may be a predictor of resistance to treatment (Maes et al. 1997) . In support of this hypothesis, fluoxetine improved forced swim test performance of zinc adequate and zinc supplemented, but not of zinc deficient rats. However, desipramine or H. perforatum can improve performance of zinc deficient rats on the forced swim test. It is possible that depression results in low serum zinc levels. Indeed, Maes et al. (2009) proposed a role for inflammation in the etiology of depression; and inflammatory processes can stimulate the expression of acute phase proteins, such as metallothioneins, that sequester zinc in the liver decreasing plasma zinc. On the other hand, Amani et al. found that dietary zinc intake correlated with serum zinc levels and with the severity of depression suggesting an etiological role for zinc deficiency (2010). Furthermore, rats fed zinc deficient diets exhibit depression-like symptoms Whittle et al. 2009 ) and zinc supplementation has an anti-depressant like effect (Franco et al. 2008) suggesting that zinc deficiency contributes to the pathophysiology of depression. Randomized double blind placebo controlled trials have consistently shown that zinc supplementation can decrease measures of depression in humans (Nowak et al. 2003; Sawada and Yokoi 2010) .
Low zinc availability may decrease ERK1/2 activity and suppress neural progenitor proliferation contributing to depression. Decreased hippocampal volume and levels of BDNF have been found in depressed patients and higher hippocampal volume and BDNF concentrations were associated with antidepressant therapy (Chen et al. 2001; Sheline et al. 2003) . Furthermore, protocols designed to induce depression-like behavior in mice and rats lead to decreased BDNF expression and ERK phosphorylation (Qi et al. 2006; Smith et al. 1995) . Not only does zinc have antidepressant-like properties, but antidepressant therapies (including imipramine and electroconvulsive therapy) also stimulate an increase in zinc and BDNF concentrations along with increased ERK1/2 phosphorylation, and neural progenitor proliferation in the rat brain (Ito et al. 2010; Nibuya et al. 1995; Reus et al. 2011; Schiavon et al. 2010) . In mice, the behavioral effects of antidepressant drugs require activation of the TrkB receptor (Saarelainen et al. 2003) . Like zinc, antidepressants are able to transactivate TrkB independent of neurotrophins (Rantamaki et al. 2011) . Thus, antidepressant therapies may function by increasing zinc availability, and decreased zinc availability may contribute to the development of depression by suppressing ERK1/2 signaling and neural progenitor proliferation.
Conclusion
The development of animal models with genetic deficits of ERK1 and ERK2, as well as the identification of human disorders characterized by mutations in the genes encoding for ERK1/2, support a major role for these kinases in normal brain development and function. It has become clear that ERK1/2 signaling is critical for the balance of neurogenesis and apoptosis. Zinc can regulate ERK1/2 through various mechanisms. While zinc deficiency causes a decreased phosphorylation of ERK1/2 and neural progenitor proliferation, zinc supplementation can increase ERK1/2 phosphorylation and neural progenitor proliferation. Similarities in the structural and behavioral abnormalities associated with genetic ERK1/2 deficits and developmental zinc deficiency grant further research to understand the potential involvement of ERK1/2 kinases in the deleterious effects of decreased zinc availability on brain development, structure, and function.
